Hemoglobin was a hot topic in the 1970s. Austrian biochemist Max F. Perutz had shared the Nobel Prize in Chemistry in 1962 for his work mapping the oxygen-transporting metalloprotein's structure. In 1971, U.S. President Richard Nixon called for more research into sickle-cell anemia, a condition caused by abnormal hemoglobin, in his health address to Congress. The National Sickle Cell Anemia Control Act of 1972, passed the following year, encouraged screening, counseling, research, and treatment for the disease. In 1973, fetal blood testing for sickle-cell anemia became available. Still, much remained to be learned about how hemoglobin functions.
John H. Richards was a professor of organic chemistry and biochemistry at the California Institute of Technology at the time. He was interested in understanding how hemoglobin transports oxygen in the blood, which required more structural information than Perutz's prior work had made available. To do that, he needed to know at what pH the protein functions inside red blood cells since the state of ionization at their active sites determines how proteins fold and function. Moreover, binding of 2,3-diphosphoglycerate (DPG) affects hemoglobin's oxygen affinity, a process that was known to be pH-dependent.
Richards and graduate student Richard Moon planned an experiment in which the pH sensitivity of DPG binding would be used as an indicator of intracellular pH. In 1973, the pair published a paper that Norma Allewell, professor of cellular and molecular biology at the University of Maryland, College Park, and a JBC associate editor, calls "a novel and very important method" for determining intracellular pH (1) .
In their work, Richards and Moon took advantage of the fact that DPG contains two phosphorus atoms that could be detected using 31 P NMR spectroscopy and that the phosphorus signal would be different based on whether or not DPG was bound to hemoglobin, providing an indirect readout of pH. They used this nondestructive technique to peer inside cells and other complex samples, specifically hemolysates, red cell suspensions, and whole blood. The researchers compared the chemical shifts-the relative resonant frequencies of the nuclei-of the phosphorus inside the cells with that in the blood serum to determine the pH inside the red blood cells.
Through these experiments, they found that 31 P NMR is an effective way to determine the pH inside the red blood cell and levels of significant cell metabolites, including ATP, inositol hexaphosphate, and more. The researchers reported the pH as 6.70 for whole blood and 7.52 for hemolysates. In finding the pH, Richards and Moon had laid the groundwork for further inquiry into hemoglobin's structure and function.
This paper came about in the early days of using NMR to study biological molecules. Before NMR, researchers had to homogenize cells to get at the intracellular contents, in the process breaking up unique compartments now known to have drastically different pH values. NMR allows researchers to measure intracellular pH without destroying cells and also allows them to examine cells in different settings. 31 P is abundant in the body, has a wide range of chemical shifts, and is found in many metabolites, which made it an effective tool for Moon and Richards's work and for other studies involving living organisms.
"Richards was definitely not an NMR person," says Kurt Wüthrich of Scripps Research Institute California. "He used
[NMR] here because he could see there was a key question he could answer with this technique." Richards later used NMR to study the functions of other metalloproteins. "Basically he was a guy with a machine, and he stuck a lot of proteins into it," Allewell says.
Today, NMR has been used in medical imaging and to study macromolecular structure and function, intracellular processes, and signal transduction. "Those all sort of flowed from the current that was gathering momentum" around the time Moon and Richards's paper was written, Allewell says. In 1975, Raymond Damadian and Ken S. Zaner cited the paper in their exploration of 31 P NMR as a probe for malignant tumors. Wüthrich used the pH dependence of phosphorus resonances to study the postnatal human brain; in 2002, he won the Nobel Prize in Chemistry for using NMR to study the three-dimensional structures of biological macromolecules.
As a scientist, Richards "was very adventurous, always doing something exciting like this," Wüthrich says. "But it wasn't his thing to follow something through over many years. He would always look for something new and jump into it." Richards investigated the functions of proteolytic enzymes, lactamases, and DNA polymerases before passing away in April 2015. In Richards' obituary, Caltech chemistry professor Douglas Rees credits him with ushering in the modern era of biochemistry in the institute's chemistry department. According to Allewell, "He was one of the pioneers in linking chemistry and biology, and this paper was an illustration of that."
